Abstract 23
Southern corroboree frogs (Pseudophryne corroboree) have been driven to functional extinction in 24 the wild after the emergence of the amphibian fungal pathogen Batrachochytrium dendrobatidis 25 (Bd) in southeastern Australia in the 1980s. This species is currently maintained in a captive 26 assurance colony and is managed to preserve the genetic diversity of the founding populations. 27
However, it is unlikely that self-sustaining wild populations can be re-established unless Bd 28 resistance increases. We performed a Bd-challenge study to investigate the association between 29 genetic variants of the major histocompatibility complex class IA (MHC) and genome-wide single 30 nucleotide polymorphisms (SNPs). We also investigated differences in Bd susceptibility among 31 individuals and populations, and the genetic diversity and population genetic structure of four 32 natural P. corroboree populations. We found several MHC alleles and SNPs associated with Bd 33 infection load and survival, provide evidence of significant structure among populations, and 34 identified population-level differences in the frequency of influential variants. We also detected 35 evidence of positive selection acting on the MHC and a subset of SNPs as well as evidence of high 36 genetic diversity in P. corroboree populations. We suggest that low interbreeding rates may have 37 contributed to the demise of this species by limiting the spread of Bd resistance genes. However, our 38 findings demonstrate that despite dramatic declines there is potential to restore high levels of 39 genetic diversity in P. corroboree. Additionally, we show that there are immunogenetic differences 40 among captive southern corroboree frogs, which could be manipulated to increase disease 41 resistance and mitigate the key threatening process, chytridiomycosis. have high MHC class IA diversity and that selection is acting on this gene region suggests that it may 94 play a role in Bd immunity in this species (Kosch et al. 2017) . 95 Although we know that the MHC is important to Bd immunity, very little is known about the 96 contribution of other genes to Bd resistance. Evidence from transcriptome and immunological 97 studies suggests that multiple gene regions are involved in Bd immunity (e.g., Ellison et al. 2014b; 98 week, population, week*population, and days survived. ANOVA was used to evaluate which models 173 best fit the data. 174
| MHC CLASS I GENOTYPING 175
DNA extraction and PCR. DNA was extracted from various tissues (skin, muscle, kidney, toe clips) 176 using an ISOLATE II Genomic DNA Kit (Bioline) following the manufacturer's instructions. DNA 177 concentration and quality was measured with a Nanodrop2000 (Thermo Fisher), and extracts were 178 stored at -20°C until use. Polymerase chain reaction (PCR) amplification was performed using P. 179 corroboree MHC class IA exon 2 primers (PcIAex2-2F1, PcIAex2-2R1), which amplify the 180 hypervariable α1 peptide binding region (PBR) domain (Kosch et al. 2017) . Initially, PCRs were 181 performed with Taq DNA polymerase, but preliminary sequencing runs suggested that the DNA 182 polymerase and reaction conditions were leading to sequencing errors (indicated by the occurrence 183 of single bp changes not replicated across multiple sequences). Therefore we modified PCR 184 conditions to minimize PCR errors and artefact formation for the remaining runs using previously 185 described modifications (Babik 2010; Judo et al. 1998; Zylstra et al. 1998 ). Specifically, we switched 186 to a high fidelity DNA polymerase (NEB Q5 High-Fidelity PCR Kit), decreased DNA template amount 187 to 60 ng, increased annealing temperature to 67°C, increased elongation time to 3 min, and reduced 188 cycle number to 25 (see Methods S2 for complete reaction details). 189
Resulting PCR products were separated by gel electrophoresis and bands of the correct size 190 were excised and extracted with a FavorPrep Gel Purification Kit (Favorgen) following the bench 191 protocol. PCR bands generated using the Q5 PCR kit were extracted with a different kit (NEB 192 Monarch PCR & DNA Cleanup Kit) to inactivate the exonuclease included in the reaction and A-tailed 193 before ligation (see Methods S2 for A-tailing reaction). 194
Cloning and sequencing. All PCR products were ligated with a pGEM®-T Easy Vector kit (Promega), 195 and recombinant DNA was transformed into Top 10 competent Escherichia coli. Cells were grown on 196 LB agar plates (with 100 µg/ml ampicillin and 20 µg/ml X-Gal) for 16 h at 37°C. We used blue-white 197 screening to select 16 to 24 clones from each transformation and amplified them with SapphireAmp 198 Fast PCR Master Mix (Takara) and M13 primers. Multiple independent PCRs were run for a 199 proportion (n = 32) of the individuals to rule out single copy alleles and potential PCR artefacts 200 (Table S1 ). We also used previously published sequence data available for a subset of the individuals 201 (Kosch et al. 2017 ) to confirm genotypes. 202 PCR products were purified for sequencing by a clean-up reaction of 10 µl of PCR product, 1 203 U of Antarctic phosphatase (NEB), 1 U of exonuclease (NEB), and 2.6 µl of RNase-free water and the 204 thermal cycler program: 37°C for 30 min, 80°C for 20 min, and 4°C for 5 min. Resulting purified PCR 205 products were then shipped to Macrogen (Seoul, South Korea) for unidirectional Sanger sequencing. 206 MHC sequence analysis. Resulting sequences were analyzed with Geneious (v. 9.0.5) and identified 207 as alleles if: (i) BLAST results indicated they were MHC Class IA sequences, (ii) they did not include 208 stop codons, and (iii) they were present in more than one copy per individual and more than one 209 independent PCR reaction. Alleles were named based upon MHC nomenclature rules described in 210 Klein et al. (1993) , and were assigned to supertypes to explore functional diversity. Supertype 211 designation was performed by first aligning corroboree frog amino acid sequences with that of 212
Homo sapiens (HLA-A; D32129.1). Next we extracted amino acid sequences from the 13 PBR pocket 213 positions identified in previous studies (Lebrón et al. 1998; Matsumura et al. 1992) using R. We then 214 characterized the 13 sites for five physiochemical descriptor variables: z1 (hydrophobicity), z2 (steric 215 bulk), z3 (polarity), z4 and z5 (electronic effects) Sandberg et al. 1998) and 216 performed discriminant analysis of principle components (DAPC) with R package adegenet (Jombart 217 et al. 2010 ) to define functional genetic clusters. Alleles were assigned to clusters by a K-means 218 clustering algorithm by selecting the model with the lowest Bayesian information criterion (BIC). 219
We tested for recombination in our nucleotide alignment with the genetic algorithm 220 recombination detection (GARD) method executed on the Datamonkey server (Delport et al. 2010 ; 221
Kosakovsky Pond et al. 2006) . In MEGA7, we tested for evidence of positive selection with the Z-test 222 of selection on three datasets: (i) the entire MHC class IA alignment, (ii) putative PBR pockets, and 223 (iii) non-putative PBR pocket nucleotides using the modified Nei-Gojobori method (Jukes-Cantor) 224 and 500 bootstrap replications (Kumar et al. 2016; Nei & Gojobori 1986) . Positive selection at the 225 codon level (dN/dS or ω > 1 with a posterior probability of > 0.95) was estimated with omegaMap (v 226 5.0) (Wilson & McVean 2006) following similar conditions to (Lau et al. 2016 ). Tajima's D test of 227 neutrality was executed in MEGA7. Evolutionary relationships among P. corroboree nucleotide 228 sequences and other vertebrates were inferred by constructing Neighbor-Joining (NJ) phylogenetic 229 trees in MEGA7. Evolutionary distances were computed using the Kimura 2-parameter gamma 230 distributed method (K2+G) and tree node support was estimated via 500 bootstrap replicates 231 (Felsenstein 1985) . 232
We investigated population differences in MHC class IA diversity using five measures: 
| SNP GENOTYPING AND QUALITY CONTROL 246
To investigate the genome-wide association with infection load and survival, all infected individuals 247 (n = 76) were genotyped by Diversity Arrays Technology Sequencing (DArTseq, Canberra, Australia). 248
This method uses hybridization-based sequencing technology implemented on an NGS platform to 249 identify thousands of single nucleotide polymorphisms (SNPs) in one reaction (Cruz et al. 2013 
| GENOTYPE-PHENOTYPE ASSOCIATION ANALYSIS 261
Genome-wide association analyses. We applied more stringent quality control with the GenABEL 262 'check.marker' function to exclude SNPs with a call rate ≤ 95% and individual call rate ≤ 95% 263 (Aulchenko et al. 2007 ). We also excluded two individuals in which the identity by state (IBS) was 264 greater than 0.9. We evaluated Hardy-Weinberg equilibrium (HWE) independently for each 265 population and removed SNPs if they failed this test (P≤ 0.001) in all four populations. After quality 266 control, 3,245 SNPs remained for GWAS analysis. To investigate the associations between SNPs and 267 the phenotypic traits we ran a separate GWAS for each phenotypic trait, three in total: (i) maximum 268 infection load (log transformed), (ii) days survived (log transformed), and (iii) infection load per 269 week. Maximum infection load and days survived were tested using mixed models in the R package 270 , where p and q are the frequencies of the major 279 and minor allele frequencies, respectively, and a is the additive SNP effect (Falconer et al. 1996) . The 280 top ten SNPs from each of the three GWAS were annotated by searching the NCBI non-redundant 281 nucleotide database with the software package Blast2GO (Götz et al. 2008) . 282
| POPULATION GENETIC ANALYSES 283
Several measures were used to estimate population genetic variation and thus assess long-term 284 evolutionary potential of P. corroboree populations. Mean allelic richness (AR) was estimated using 285 the R package PopGenReport (Adamack & Gruber 2014). Observed heterozygosity (HO), expected 286 heterozygosity (HE) and inbreeding coefficient (FIS) were estimated using the R package diversity 287 (Keenan et al. 2013 ). Effective population size (Ne) was estimated using the software NeEstimator v.2 288 using the linkage disequilibrium method and a random mating model (Do et al. 2014) . Expected 289 heterozygosity (HE) is the best overall estimate of genetic variation, and can be compared to HO to 290 estimate inbreeding rates (i.e., HE > HO suggests excessive inbreeding) (Allendorf et al. 2013) . Allelic 291 richness (AR) measures allelic diversity while considering sample size. This method is more likely to 292 detect population bottlenecks than HE (Allendorf 1986 ). Effective population size (Ne) indicates the 293 rate of heterozygosity loss over time due to stochastic factors such as genetic drift (i.e., populations 294 with smaller Ne have a greater rate of heterozygosity loss through time) (Allendorf et al. 2013 ; 295 Kliman et al. 2008) . 296
Pairwise FST values were calculated using the software GenePop on the web (Rousset 2008) . 297
An exact G-test was also calculated in GenePop (Markov-chain parameters: 10,000 dememorisation 298 steps, 1000 batches and 10,000 iterations per batch) for each population pair using the G log 299 likelihood ratio. 300
Outlier markers were identified using the PCAdapt R package (Luu et al. 2017 ) with K = 9 and 301 min.maf = 0.01. The candidate loci were determined using Benjamini-Hochberg FDR (false discovery 302 rate) control and the level of FDR was set to 0.01. To evaluate the genetic relationships among 303 individuals, discriminate analysis of principal components (DAPC) was performed using adegenet 304 package in R (Jombart 2008 ) for neutral and outlier SNPs. The a-score approach was used to assess 305 the stability of the DAPC analyses (i.e. trade-off between power of discrimination and over-fitting). 306
Across all 100 permutations the highest a-score was 0.655 for 3 PCs. 307
| POPULATION STRUCTURE BASED ON MHC CLASS IA AND SNP DATA 308
We used the program STRUCTURE 2.3.4 (Pritchard et al. 2000) to examine clustering of source P. 309 corroboree populations based on either MHC class IA or SNP genotypes. For MHC class IA, because 310 multiple MHC loci were amplified, we entered data recessive alleles based on the approach used for 311 AFLP data sets (Falush et al. 2007 ). The four populations were incorporated into the admixture 312 model. We determined the number of genetic clusters of individuals (K) using the method of Evanno 313 et al. (2005) to calculate deltaK in STRUCTURE HARVESTER (Earl 2012) . We tested a range of K = 1 to 314 K = 5 with 10 replicates of each K, using 100,000 iterations following a burn-in period of 100,000 315 iterations. 316
| RESULTS 317

| SURVIVAL AND INFECTION LOAD OVER TIME 318
Survival. Five frogs in the Bd-inoculated group survived to the end of the experiment, four of which 319
were from population M (18.2%), and one from population C (5.0%). All animals in the negative 320 control group survived the experiment. 
| MHC DIVERSITY AND EVOLUTION 346
MHC allele diversity. We identified a total of 22 MHC class IA alleles, with a range of 2 to 10 alleles 347 per individual (Table S2) 
| ASSOCIATION ANALYSIS 378
MHC association. Alleles Psco-UA*5 and Psco-UA*9 were positively associated with maximum 379 infection load (Table S5 ; GLS, F1, 74 = 4.11, P ˂ 0.05, F1, 74 = 10.56, P ˂ 0.01). Allele Psco-UA*23 was 380 negatively associated with number of days survived (Table S6 ; GLS, F1, 74 = 12.96, P ˂ 0.001). Allele 381 Psco-UA*5 was least common in the more resistant population M (23% ± 0.19) and most common in 382 the susceptible population J (78% ± 0.21) (Table S3, Figure 3a) . Strangely, alleles Psco-UA*9 and 383
Psco-UA*23 were relatively common in the more resistant population M (77% ± 0.19 and 18% ± 0.19 384 respectively). Individuals with ST8 had higher maximum infection loads than those with other STs 385 (Table S7 ; GLS, F1, 74 = 4.49, P ˂ 0.05) and a greater chance of dying ( Figure S6 ; GLS, F1, 73 = 7.29, P ˂ 386 0.01). 387 388 GWAS. The association analyses did not identify any significant SNPs after correction for multiple 389 testing (Figures 4 and S7) , although one SNP (173) was suggestively negatively associated with days 390 survived (P=9.2e-05; Table S9 ; Fig 4) . In general, each one of the top SNPs explained only a small 391 proportion of the phenotypic variation. Two SNPs (1894 and 1895) were identified in the top ten 392 markers positively associated with both maximum infection load (GenABEL) and infection load per 393 week (RepeatABEL). BLAST results revealed that 96% of the top SNPs had sequence homologies with 394 other amphibians, including Xenopus tropicalis, X. laevis, Nanorana parkeri, and Andrias davidianus 395 (Table S10) . Several of the top SNPs were homologous to genes that are known to impact immunity 396 and included functions such as pathogen recognition and control and immune cell proliferation 397 (Table 4) . 398
| GENETIC DIVERSITY AND STRUCTURE OF SNPS 399
PCAdapt analyses with a false discovery rate (FDR < 0.01) resulted in 3465 neutral and 24 outlier 400 (Table 3 ). Effective population size values (Ne) were lowest for populations 411 M and C (6.8 and 7.9, respectively; Table 3 ). 412 in the species. Therefore, P. corroboree may benefit from genetic manipulation to improve Bd 432 resistance in order to overcome natural history constraints that prevent optimal selection 433 conditions. 434
| COMPARISON OF POPULATION STRUCTURE USING MHC IA AND SNPS
| PHENOTYPIC DIFFERENCES AMONG POPULATIONS 435
P. corroboree exhibit phenotypic variation in resistance to Bd infection at the population level. This 436 was evident in both the days survived and infection load through time (Figure 1 ). One population 437 (M) was distinct from the other three populations by having the longest survival, lowest infection 438 loads, and greatest amount of individuals that survived until the end of the experiment. 439
| GENOTYPE-PHENOTYPE ASSOCIATIONS 440
Phenotypic differences in Bd resistance were associated with genetic variance of the MHC and 441 genome-wide SNPs. Three MHC alleles were associated with increased Bd susceptibility in individual 442 frogs. Of these, Psco-UA*5 was least common in the more Bd resistant M population. MHC 443 supertypes were not associated with resistance, however, supertype ST8 was associated with 444 increased susceptibility. Although this supertype was relatively common, it was more common in the 445 frogs that died (86%) than in survivors (40%), and least common in the more resistant population M 446 (Table S4 , Figure 3a) . 447
Our GWAS did not identify any SNPs that were significantly associated with Bd resistance, 448 which may be the result of the limited sample size available for this study combined with the 449 potential polygenic nature of the traits analyzed here. One SNP (173) was suggestively negatively 450 associated with days survived (Figure 4) . This SNP has closest homology to the RALGPS2 gene of X. 451 tropicalis that encodes a guanine nucleotide exchange factor (GEF) for the GTPase RALA (Tables 4  452   and 
| GWAS LIMITATIONS 470
Although GWAS is a powerful tool for detecting SNP-phenotype associations, this method is limited 471 in its ability to detect SNPs with low to moderate effect sizes (Harrisson et al. 2014 Of the 24 SNPs that were population outliers (Tables 4 and S11 ), there are several that likely 519 play an important role in Bd immunity due to their homology to pathogen response genes in other 520 species. One of the SNPs under positive selection is a RAD51 homolog (79). In Xenopus, this gene is 521 involved in genetic recombination and DNA repair, and is likely involved in meiotic recombination 522 due to high expression levels in testes and ovaries (Maeshima et al. 1996) . RAD51 has also been 523
shown to be strongly expressed in newt testes during spermatogenesis (Yamamoto et al. 1999 ), a 524 process that is increased in Bd-infected frogs (Brannelly et al. 2016a ). Interestingly, another SNP 525 identified under selection in our study had homology to an outer dense fiber that maintains the 526 elastic structure of sperm tails (2794) with a protective role in hematopoietic tissues (Chevillard et al. 2011) ; while the SNP, cab3 (2174), is 537 a regulatory subunit of the voltage-dependent calcium channel that is downregulated in rabbit 538 models with rapid heart rates (Bosch et al. 2003) . Regulation of calcium channels may impact 539 chytridiomycosis outcomes since Bd kills hosts by interfering with electrolyte homeostasis causing 540 eventual cardiac arrest (Voyles et al. 2009) . 541
| IMPLICATIONS FOR THE CAPTIVE BREEDING PROGRAM 542
Although P. corroboree are functionally extinct in the wild, our results suggest that the captive 543 populations (i.e., in terms of allelic richness and heterozygosity) still host good levels of the genetic 544 diversity which may constitute a potential genetic input to wild populations. The immunogenetic 545 variation for Bd resistance suggests that genetic manipulation methods could be used to increase 546 species-wide Bd resistance to ensure the successful reintroduction of P. corroboree. The IUCN's 547
Amphibian Conservation Action Plan recommends establishing captive assurance colonies for 548 amphibians threatened by Bd (Gascon et al. 2007; Wren et al. 2015) . In response to these 549 recommendations, the amphibian ARK (AARK) was setup to manage and advise captive breeding 550 efforts, and this successful program currently consists of 188 projects worldwide (AARK database 551 2017). However, because Bd cannot be extirpated from the environment, reintroduction projects are 552 unlikely to be effective unless animals with increased resistance are released. The best approaches 553 for increasing disease resistance in captive breeding programs come from livestock and agriculture 554 where they have been successfully applied for over 100 years (Hickey et al. 2017) . Methods that 555 utilize multiple genetic markers, such as genomic selection, are ideal for increasing disease 556 resistance for wildlife because they have the highest genetic gain (i.e., change in mean trait per year) 557 and the lowest inbreeding rates (Daetwyler et al. 2007; Hickey et al. 2017; Meuwissen et al. 2016) . 558
However, before genetic manipulation methods can be applied to corroboree frogs and other 559 species to be released into the wild, several precautions should be undertaken. Most importantly, 560
SNPs used for increasing resistance should be determined from robust, well-powered studies so that 561 conservation managers can be confident of their impact. Additionally, genetically modified animals 562 should be trialed in the field across the range of their environment to ensure that they do not have 563 reduced overall fitness in the wild. 564
| CONCLUDING REMARKS AND FUTURE DIRECTIONS 565
Southern corroboree frog populations have phenotypic and genetic variation in Bd susceptibility. 566
show that despite functional extinction in the wild, there is still substantial genetic variation in this 568 species within the captive assurance collection. This pilot study is a first step towards using genomic 569 approaches to investigate polygenic immunity to Bd. Future studies should further examine the role 570 that these identified SNPs and MHC variants play in Bd resistance. This could be investigated by 571 genetically engineering frogs with gene knock-in approaches or applying genomic selection to 572 increase the frequency of the genes of interest, followed by Bd-challenge experiments to measure 573 their impact on the resistance phenotype. Additional studies should also strive to fully characterize 574 the genetic architecture and heritability of Bd resistance by performing high resolution QTL 575 association mapping and high-powered GWAS. Lastly, high quality genomic resources for amphibians 576 are required to inform GWAS and comparative genome analyses. 577
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